Searches for invisible decays of the Higgs boson are presented using data at a centre-of-mass energy of √ s = 13 TeV collected with the CMS detector at the LHC in 2016. The dataset corresponds to an integrated luminosity of 35.9 fb −1 . The search channel targets Higgs boson production via vector boson fusion. The results are presented in terms of an upper limit on the branching fraction of the Higgs boson decay to invisible particles B(H → inv.). The data are in agreement with the contribution of backgrounds from standard model processes. An observed (expected) upper limit on B(H → inv.) at 95% confidence level is set at 0.53 (0.27) for the cut-and-count and at 0.28 (0.21) for the shape approaches, respectively. A combination with other relevant analyses to further improve the sensitivity to B(H → inv.) is also presented using the 2016 dataset. An observed (expected) upper limit on B(H → inv.) at 95% confidence level is set at 0.24 (0.18), assuming standard model production rates. This result represents the most sensitive Higgs-toinvisible search, and it is interpreted in the context of Higgs-portal models for dark matter where upper bounds are placed on the dark matter-nucleon spin-independent cross-section.
Introduction
The discovery of the Higgs boson at the Large Hadron Collider (LHC) during Run-1, along with the absence of any significant experimental evidence for physics beyond the standard model, have placed constraints on new physics models. Although the observed 125 GeV boson is compatible with the standard model (SM) Higgs boson, the existence of non-SM properties is not presently excluded due to the associated uncertainties. The possibility for further Higgs bosons with exotic decay modes remains, and invisible decay modes could be possible in interactions between the Higgs boson and dark matter, where the former becomes the mediator between SM and dark matter particles.
A Higgs boson decaying to invisible particles cannot be observed directly [1] . In order to identify such an event, the Higgs boson has to be produced with other particles, and the missing transverse energy (E miss T or MET) can be exploited to carry out these searches. The vector boson fusion (VBF) channel is the most sensitive due to its characteristic topology and it has a large cross-section in comparison with the other production modes [2] . The VBF jets are produced with a large separation in pseudo-rapidity, large invariant mass (m jj ), and small azimuthal separation due to kinematic considerations, and the absence of colour connection between them. The pseudorapidity is defined as η = − ln tan θ 2 , where θ is the polar angle measured from the z-axis in the longitudinal plane y − z.
These proceedings describe the search for invisibly decaying Higgs bosons produced through VBF mode using the 2016 data at a centre-of-mass energy of √ s = 13 TeV. The data have been collected with the CMS detector, a multi-purpose apparatus designed to study a wide range of physics processes. A detailed description of the CMS detector and of the relevant kinematic variables, together with a definition of the coordinate system used, can be found in Ref. [3] . The 2016 analysis builds on the analyses performed with the 2012 data [4] , parked-data [5] and 2015 data [6] , all contained in Ref. [7] . Several improvements compared to the 2015 analysis are detailed in these proceedings, e.g. new control samples in data thereby further improving the precision of the background estimation. A combination with other relevant analyses targeting the other main production modes of the Higgs boson is also presented, to further improve the sensitivity of the branching fraction of the Higgs boson decay to invisible particles B(H → inv.).
Simulated Samples, Triggers, and Physics Objects
The experimental signature of this analysis consists of two VBF jets and sizeable missing transverse energy coming from the invisible Higgs boson decay. However, there are several SM backgrounds to the VBF H → inv. signal. Simulated events are passed as input to a GEANT4 [8] based simulation of the CMS detector. The processes considered are as follows: Z(νν) + jets, Z(ll) + jets (where l is either an electron or a muon), W + jets, Top-quark decays (both tt and single top), Diboson (WW, WZ, ZZ) decays, and QCD multijet. Jets are reconstructed by clustering particle-flow (PF) candidates using the anti-k T algorithm with a distance parameter of 0.4 [9] .
The data used for the analysis are collected using triggers designed to select events that have large E miss T and large missing transverse momentum calculated from jets (H miss T ). The E miss T is computed as the magnitude of the negative vector sum of the transverse momenta of all PF [10] candidates reconstructed in a given event. Both the E miss T and H miss T quantities are computed without including muon candidates, allowing one to select dimuon (mainly Z → µμ) and single muon (mainly W → µν) events in two different muon control regions (CRs). The hadronic recoil U is given by U = E miss
, where the last p T term is the di-lepton or lepton transverse momentum, depending on the CR. Two additional CRs for this analysis include dielectron (Z → eē) and single electron (W → eν) events which are selected using a different trigger.
Several primary vertices are typically reconstructed in an event because of pileup. A loose set of selection criteria is applied to select well-reconstructed primary vertices and the vertex with the highest p T sum of the constituent tracks is chosen as the one corresponding to the hard interaction.
Selection
The search presented in these proceedings has been performed using two different approaches. The shape analysis exploits distinctive kinematic features of the VBF topology by fitting the shape of the m jj distribution. It provides the best expected sensitivity to invisible decays of the SM Higgs boson. The cut-and-count analysis allows for a re-interpretation of the results in the context of different phenomenological models targeting the same topology. Both approaches are optimised in terms of the expected 95% confidence level limit on the branching ratio of the SM Higgs boson (with a mass of 125 GeV) decaying invisibly B(H → inv.). The selection is driven by three considerations: the chosen trigger drives the E miss T criteria to avoid the sharp turn-on region of the trigger and be above the 90% efficiency point; the VBF topology of the jets expected from the signal; the rejection of the multijet background from which large E miss T can arise due to mis-measurements. The selection criteria for the signal region (SR) for both the shape and the cut-and-count analyses are summarised in Table 1 . 
The distributions of m jj for the shape analysis and ∆η jj after the cut-based selection are shown in Fig. 1 .
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Control Regions
Several background processes can mimic the signature of signal events. A large amount of E miss T arises from Z bosons decaying to neutrinos, or from leptonic decays of W bosons where the lepton in the final state is missed. The E miss T in the SR is estimated by constructing CRs that select either a single lepton or a pair of same flavour leptons. These correspond to regions where either W boson or Z boson production is dominant. Electrons and muons are thus used to define four CRs (W → eν and Z → eē, W → µν and Z → µμ) for estimating the key backgrounds (V + jets) in a data-driven approach. In this regard, the recoil in the CRs can be used to mimic the E miss T in Z → νν events that fulfill the signal selection. As a result, the CRs are used to perform a simultaneous maximum likelihood fit to the data for the extraction of the final result. The distribution of m jj in the single muon and dielectron CRs is shown in Fig. 2 for the cut-and-count analysis.
Fit Procedure and Results
A simultaneous fit to all the CRs and SR is performed using the 2016 dataset. The V + jets normalisation relies on one parameter that ties together W and Z processes, and along with QCD and signal processes are free parameters in the fit. Moreover, corrections are applied to the V + jets simulation to account for higher-order QCD and EWK effects on the ratios of W + jets to Z + jets differential cross-sections. The results of the simultaneous fit are interpreted as an upper limit
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Higgs-to-Invisible Searches at CMS Riccardo Di Maria The observed m jj distribution in the single muon (left) and dielectron (right) control regions compared to the post-fit backgrounds from various SM processes for the cut-and-count approach [11] . on the production cross-section times branching fraction for an invisibly decaying Higgs boson normalised to the SM VBF Higgs boson cross-section. An observed (expected) upper limit on B(H → inv.) at 95% confidence level is set at 0.53 (0.27) for the cut-and-count and at 0.28 (0.21) for the shape approaches respectively [11] .
A combination with other relevant analyses to further improve the sensitivity to the branching fraction for an invisibly decaying Higgs boson is also performed using the 2016 dataset, and an observed (expected) upper limit on B(H → inv.) at 95% confidence level is set at 0.24 (0.18), assuming standard model production rates [11] . This result represents the most sensitive Higgs-toinvisible search, and it can be translated into dark matter-nucleon spin-independent cross-section limits as a function of dark matter mass, using Higgs-portal models and assuming scalar and fermion dark matter candidates.

